Introduction
Interactions between intestinal epithelial cells and intraepithelial lymphocytes (IELs) serve an important role in the growth and maintenance of the intestinal epithelium (1) (2) (3) . Keratinocyte growth factor (KGF) is a member of the fibroblast growth factor (FGF) family. It is thought that KGF, which is expressed by gamma delta (γδ) intraepithelial lymphocytes (IEL) in the mucosal layer (1) , has an important involvement in promoting epithelial cell growth in a paracrine manner after it interacts with the KGF receptor (KGFR) (4, 5) . Previously, the authors reported that exogenous KGF may protect the small intestine from ischemia-reperfusion injury (I/R) and radiation-induced intestinal damage by promoting intestinal epithelial cell proliferation (2, 6 ). In addition, previous studies have reported that KGFR is abundantly expressed in the gastrointestinal tract, suggesting that the gut can both synthesize and respond to KGF (7) (8) (9) .
Previously, the aryl hydrocarbon receptor (AhR) has been reported to be a significant factor in KGF-induced regenerative growth in a zebrafish model (10) . Furthermore, AhR expression may be regulated by FGF in murine 3T3 fibroblasts (11) , which indicates that endogenous AhR might participate in FGF-mediated signaling.
AhR is a DNA binding protein that belongs to the basic region-helix-loop-helix superfamily (4) and is expressed by most cells. Unliganded AhR in the cytoplasmic compartment can form a stable complex with HSP90 (12) . However, when the ligand for AhR activates this transcription factor, the AhR-ligand complex translocates to the nucleus and subsequently binds with the AhR nuclear translocator at dioxin-responsive elements, leading to the transactivation of several genes that encode phase I and II xenobiotic metabolizing enzymes, such as cytochrome P450s (5, 7, 13) . For several decades, the toxic effects mediated by AhR have been extensively studied (13) (14) (15) . However, increasing evidence indicates that AhR may serve an important role in the regulation of receptor-mediated signaling. For example, Lee et al (16) reported that Notch1 is a downstream target of AhR based on microarray analysis of Rorγt + cells from wild type and AhR-deficient mice. In addition, Qiu et al (17) suggested that the expression of IL-7Rα was reduced by AhR ablation, and Kiss et al (18) reported that the expression of cKit was markedly lower in AhR -/-innate lymphoid cells (ILCs). Based on these findings, it was hypothesized that endogenous AhR may affect the signals mediated by KGF through the regulation of KGFR expression. . Additionally, 100 IU/ml penicillin and 100 mg/ml streptomycin (cat. no. C0222; Beyotime Institute of Biotechnology, Haimen, China) were added to the medium. Cells were incubated at 37˚C in a 5% CO 2 atmosphere. The medium was changed every 2 days. LoVo cells were sub-cultured following partial digestion with 0.25% trypsin and 0.53 mM EDTA.
Materials and methods

Animals
Knockdown of AhR and E2F1 mRNA transcripts by siRNA.
Following culturing LoVo cells until reaching 30-40% confluency in 6-well plates, they were transfected with siRNA (Guangzhou RiboBio Co., Ltd., Guangzhou, China) at a concentration of 50 nmol/well using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in antibiotic-free and serum-free Opti-MEM medium according to the manufacturer's instructions. A random control siRNA (si-NC) was used as a negative control. Following 4 h, the medium was replaced with normal LoVo cell medium, and the cells were cultured prior to use in experiments. The siRNA sequences used to target AhR were as follows: Sense, 5'-GGA ACA CCU ACA UCU AGA A dTdT-3' and antisense, 3'-dGdT CCU UGU GGA UGU AGA UCU U-5'. The sequences use to target E2F1 were as follows: Sense, 5'-GGA ACA CCU ACA UCU AGA A dTdT-3' and antisense, 3'-dGdT CCU UGU GGA UGU AGA UCU U-5'.
Cell proliferation assays. Cell proliferation assays were conducted based on cell counting. LoVo cells were seeded in 96-well plates in a volume of 100 µl/well and cultured in a 1:1 mixture of DMEM:Ham's F-12 medium containing 10% FBS for 24 h. The cells were transfected using AhR-siAhR. Trypsin was used to collect the cells, and a hemocytometer and trypan blue (cat. no. T8154; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) were used to count the number of viable LoVo cells. Numbers of cells per well were also assessed using flow cytometry analysis.
Flow cytometry analysis. Cells were plated in 6-well culture dishes in growth medium overnight prior to siRNA transfection. Following serum starvation for 24 h, cells were stimulated with KGF (100 ng/ml) for 24 h. Cells were then dissociated with 800 µl trypsin per well at 37˚C for 3-5 min, and following adding 500 µl DMEM/Ham's F-12 medium containing 10% FBS per well, cells were centrifuged at 1,000 x g at 4˚C for 5 min. The supernatant was discarded and the cell pellet was washed with ice-cold PBS thrice with centrifugation at 1,000 x g at 4˚C for 5 min after each wash. Cells were then fixed in 80% ethanol at 4˚C overnight. Following 2 more washes with PBS, cells were treated with 0.1% Triton X-100, 5 mg/ml propidium iodide and 50 mg/ml ribonuclease A in PBS at 37˚C for 15 min in the dark. Finally, 2x10 5 cells were analyzed by flow cytometry (MoFlo Astrios EQ; Beckman Coulter, Inc. Brea, CA, USA). The results were analyzed using FlowJo (version 9.0, FlowJo LLC, Asland, OR, USA).
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was isolated using TRIzol reagent (Takara Biotechnology Co., Ltd., Dalian, China) and was then reverse transcribed into cDNA using a PrimeScript™ RT reagent kit with gDNA Eraser (cat. no. RR047A; Takara Biotechnology Co., Ltd.). The primers used in the present study were as follows: KGFR (Invitrogen; Thermo Fisher Scientific, Inc.) forward, 5'-CGC GGA TCC GCCG CCG GTG TTA ACA CCA CGT ACG GTCA TCA TCT GAC AC-3' and reverse,5'-CGG AAT TCA CCAT GCAG AGT GAA AGG ATC GCC ATC CTG GGA AGA CTC C-3'; β-actin (Invitrogen; Thermo Fisher Scientific, Inc.) forward, 5'-CCA CGA AAC TAC CTT CAA CTC C-3' and reverse, 5'-GTG ATC TCC TTC TGC ATC CTG-3'). qPCR was performed using the Fast SYBR ® Green Master Mix (cat. no. 4385612; Thermo Fisher Scientific, Inc.), in a Rotor-Gene Q system (Qiagen GmbH, Hilden, Germany) and with the following conditions: 94˚C for 10 min, then 45 cycles of 30 sec at 94˚C, 30 sec at 60˚C, and 45 sec at 72˚C. Relative fold changes in mRNA expression were calculated using the formula 2 -ΔΔCq (19) .
Western blotting. Total cell lysates were extracted using radioimmunoprecipitation lysis buffer (10 mM Tris pH 7.4, 20 mM NaCl, 5 mM MgCl 2 , 0.5% Nonidet P-40 and 0.1 mM PMSF), and then protein lysates were centrifuged at 12,000 x g for 5 min at 4˚C. Immunohistochemistry. Tissues were fixed in 4% paraformaldehyde at 4˚C for 48 h, and embedded in paraffin.
Tissue sections (5 µm thick) were immersed in 3% hydrogen peroxide for 10 min to eliminate endogenous peroxidase activity and then were microwaved in 0.01 mol/l citrate buffer (pH 6.0) thrice for 5 min. PBS was used to wash the sections for each step. Samples were incubated at 4˚C overnight with anti-PCNA antibody (1:100 dilution; cat. no. 10205-2-AP; Sanying Biotechnology, Wuhan, China), followed by a standard staining procedure using an LSAB kit (cat. no. SP-9000, Zhongshan Biotechnology Co, Ltd., Beijing, China). The crypt cell proliferation rate was calculated as the ratio of crypt cells that were positive for PCNA to the total number of crypt cells. The total number of proliferating cells/crypt was defined as the mean number of proliferating cells in ten crypts.
Nuclear protein extraction. Nuclear protein extraction was performed using the NE-PER Nuclear and Cytoplasmic Extraction Reagents kit (cat. no. 78833; Thermo Fisher Scientific, Inc.). Cells were harvested with trypsin-EDTA then centrifuged at 500 x g at 4˚C for 5 min. For suspension, cells were harvested by centrifugation at 500 x g at 4˚C for 5 min. Cells were washed by re-suspending the cell pellet in PBS. A total of 5x10 6 cells were transferred to a 1.5 ml microcentrifuge tube and pelleted by centrifugation at 500 x g at 4˚C for 3 min. The supernatants were discarded, leaving the cell pellet as dry as possible. Ice-cold CERI reagent (40 µl) was added to the cell pellet, and then the tube was vortexed vigorously at the highest setting for 15 sec and incubated on ice for 10 min. Ice-cold CERII reagent (22 µl) was added to the tube and then vortexed for 5 sec. Following incubating the tube on ice for 1 min, the tube was vortexed for 5 sec on the highest setting. The tube was centrifuged at maximum speed (16,000 x g) at 4˚C for 5 min and then was immediately transferred to a clean pre-chilled tube. NER reagent (200 µl) was then added, and the tube was vortexed for 15 sec. The sample was placed on ice and then continually vortexed for 15 sec every 10 min for a total of 40 min. The tube was centrifuged at maximum speed (16,000 x g) at 4˚C for 10 min, leaving the supernatant (nuclear extract). Nuclear proteins were stored at -80˚C until use.
Statistical analysis. Data are presented as the mean ± standard deviation. All data were analyzed using the SPSS statistical software package (version, 19.0; IBM SPSS, Armonk, NY, USA). The statistical significance of differences in mean values was determined using the Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results
AhR knockout mice are not sensitized to KGF-induced intestinal epithelial cell proliferation. KGF, a classical growth factor, serves an important role in intestinal epithelial cell proliferation (20, 21) . Immunohistochemical analysis was used to detect intestinal epithelial cell proliferation, and PCNA-positive cells were distributed in the crypt of Lieberkuhn of the small intestine. As presented in Fig. 1A and C, it was identified that KGF significantly increased the number of PCNA-positive cells in the KGF group (42.8%) when compared with the control group (23.28%). However, the delivery of siRNA to target AhR mRNA transcripts resulted in a reduced rate of KGF-induced epithelial cell proliferation (24.06%). These data indicated that the absence of AhR resulted in reduced KGF-induced intestinal epithelial cell proliferation. Subsequently, changes in villus height and crypt depth were assessed. AhR knockdown led to a significant reduction in jejunal villus height (274±70.9 µm) compared with the KGF group (411±79.3 µm; P<0.05). In addition, crypt depth was significantly reduced in the KGF + AhR Fig. 1B and D) . Furthermore, intestinal wet weight and assessments of RNA and protein expression levels indicated that AhR deficiency abolished the sensitivity of the intestine to KGF (Table I ). These findings suggested that AhR knockdown in intestinal epithelial cells results in reduced sensitivity to KGF.
Downregulation of KGFR after AhR knockout in vivo.
KGF can modulate the proliferation of intestinal epithelial cells that specifically express KGFR, and this effect can be reversed by administering a blocking anti-KGFR antibody (22) . As demonstrated in Fig. 2A and B, the effect of AhR knockout was assessed by western blotting, and it was identified that AhR expression was significantly knocked down when compared with the control. To investigate the mechanism whereby AhR knockout mice were made less sensitive to KGF in the small intestine, western blotting was performed to measure the expression of KGFR in AhR -/-mice. In physiological conditions, AhR knockout significantly reduced the expression of KGFR (0.65-fold, six mice/group; P<0.05; Fig. 2C ). Additionally, reduced levels of KGFR mRNA transcripts were measured by RT-qPCR in AhR -/-epithelial cells (0.54-fold, six mice per group, P<0.05; Fig. 2D ). These findings indicated that AhR deletion induced the downregulation of KGFR expression, resulting in reduced intestinal cell sensitivity to growth stimulation induced by KGF.
Regulation of KGFR expression by the AhR-E2F1 pathway in vitro.
To further investigate the effects of AhR on KGF signaling, LoVo cells were transfected with siRNA specific for AhR (siAhR). As presented in Fig. 3A , the effect of siAhR was assessed by western blotting, and it was demonstrated that AhR expression was significantly knocked down when compared with the control. Furthermore, following transfecting LoVo cells with siAhR for 24 h, western blotting results indicated reduced levels (0.57) of KGFR protein expression in AhR-silenced cells compared against the control group (Fig. 3B ). In accordance with the western blotting results, downregulated levels (0.46) of KGFR mRNA transcripts were detected by RT-qPCR in AhR-silenced epithelial cells (Fig. 3C) . Therefore, these findings indicated that KGFR expression may be regulated by AhR. Following this, the authors explored the mechanism whereby AhR regulates KGFR expression. As previous studies have reported that FGFR expression can be regulated by E2F family members (8,9,23 ), the present study focused on the nuclear transcription factor E2F. As detailed in Fig. 3D-F , reduced protein levels of KGFR could be observed in LoVo cells in which E2F1 was knocked-out compared with the control group, suggesting that this transcription factor (E2F1) may affect KGFR expression. Following demonstrating that the transcription factor E2F1 may meditate KGFR expression, whether AhR could influence the function of E2F1 to regulate the expression of KGFR was assessed. Cells were transfected with siRNA to target AhR, and there was a significant reduction of E2F1 in the nucleus detected (Fig. 3G-I ). In conclusion, these findings demonstrated that the AhR-E2F1 pathway regulates KGFR expression in intestinal epithelial cells.
AhR knockdown LoVo cells are less sensitized to KGF stimulation in vitro.
To test whether knockdown of AhR expression altered KGF signaling, serum-starved LoVo cells with or without AhR knockdown were stimulated with KGF (100 ng/ml); cell counting and flow cytometry analysis were conducted to assess cell viability. Following adding KGF, the proliferation rate of LoVo cells increased significantly compared with untreated control cells, and this effect was abolished by siAhR treatment. The present finding of siAhR-meditated inhibition of cell number in LoVo cells was confirmed by trypan blue/hemocytometer and flow cytometric analyses. In the KGF group, cell numbers were significantly increased compared with the other groups (Fig. 4A) . KGF caused a significant reduction in the relative number of G0/G1 cells and a significant associated increase in S phase cells. At 24 h, 66.64% cells were in G0/G1 phase for untreated cells compared with 39.18% for KGF-treated cells. Knockdown of AhR expression alone had a slight influence on the number of cells in G0/G1 phase. However, for cells treated with siAhR + KGF compared to KGF alone, the % of cells in G0/G1 phase was 59.69% compared with 39.18% (Fig. 4B  and C) , respectively. These data indicated that AhR knockdown may attenuate KGF-induced cell proliferation.
Discussion
In the current study, it was identified that AhR -/-mice were not responsive to KGF-induced intestinal proliferation effects or intestinal morphological changes under physiological conditions. Moreover, KGFR expression levels were significantly lower in AhR knockout intestinal epithelial cells. Silencing of E2F1 may significantly reduce the expression of KGFR, while silencing of AhR could markedly lower the expression of E2F1. Together, these findings demonstrated that the AhR-E2F1-KGFR signaling pathway is involved in KGF signaling in intestinal epithelial cells. KGF is a classical cell growth factor that has been widely studied. For example, KGF improves epithelial function after massive small bowel resection (11) and KGF gene therapy was demonstrated to ameliorate ulcerative colitis in rats (16) . Furthermore, in the present study, knockdown of AhR expression may abolish KGF-induced intestinal proliferation in AhR knockout mice. Villus height, crypt depth, intestinal wet weight, RNA levels and protein expression analysis also indicated that AhR knockout mice presented compromised KGF-induced intestinal changes. Previous studies have reported that AhR, as a conserved nuclear transcription protein, serves an important role in cell proliferation (24) (25) (26) (27) . Interestingly, other work in the field found that AhR regulates the expression of receptors that meditated cell survival and growth. For example, Lee et al (16) reported that AHR supported the presence of NKp46 + ILCs and, partially, lymphoid tissue inducer-like ILCs in the intestinal lamina propria through the induction of Notch receptors. Additionally, AhR-dependent c-Kit expression is critical for the homeostasis of invariant γδ T cells in the murine epidermis (28) .
In the present study, KGFR expression was downregulated in AhR knockout mice and AhR knockdown LoVo cells. These findings suggested that AhR ablation induced the downregulation of KGFR expression, thereby reducing intestinal cell sensitively to KGF-stimulated proliferation.
Few studies have characterized the molecular mechanisms that regulate human KGFR expression in intestinal epithelial cells. Koga et al (29) reported that the expression level of KGFR significantly increased when angiotensin II (ATII) was blocked by Losartan in a small bowel resection mouse model. Recently, it has been reported that the transcription factor E2F1 can bind to the KGFR promoter and activate KGFR expression in MCF-7 and HEK293 cells (30) . Furthermore, expression of the human FGFR1 and murine FGFR2 genes can be directly regulated by E2F1 (8, 23) . The present finding that KGFR expression was reduced in colon cells with knockdown of E2F1 is consistent with these previous studies (8, 23) . As a nuclear transcription factor, once E2F1 traffics to the nucleus, it exerts its transcription activity on the FGFR2 gene by direct binding to the KGFR promoter (30) . In the current study, significantly reduced levels of nuclear E2F1 in the AhR knockout group were detected when compared with the control group. This finding suggested that KGFR expression may be regulated via the AhR-E2F1 pathway. However, the mechanism whereby AhR regulates trafficking of the E2F1 transcription factor from the cytoplasm to the nucleus remains unclear. Moreover, cell counting revealed that KGF-induced cell proliferation was reduced and flow cytometric analyses revealed that the cell cycle profile was notably altered when AhR was knocked-down, as there was a significant increase in the percentage of cells in G0/G1 phase compared with the KGF-alone treated group.
In summary, the AhR-E2F1-KGFR signaling pathway was demonstrated to be involved in KGF-induced intestinal epithelial cell proliferation. Further studies are required to understand the molecular mechanisms of KGF-induced intestinal epithelial cell growth and proliferation in greater detail.
